Filter systems are widely used in petrochemical plants for removing solid impurities from hydrocarbon oils. The backwash is the cleaning process used to remove the impurities on the sieves of the filters without a need to interrupt the operation of the entire system. This paper presents a case study based on the actual project of a filter system in a petrochemical plant, to demonstrate the significant effect of vibration on the structural integrity of piping. The induced vibration had led to the structural fatigue failure of the pipes connecting the filter system. A preliminary assessment suggested that the vibrations are caused by the operation of backwashing of the filter system. A process for solving the vibration problem based on the modal analysis of the filter system using the commercial finite element software for simulation is therefore proposed. The computed natural frequencies of the system and the vibration data measured on site are assessed based on the resonance effect of the complete system including the piping connected to the filters. Several approaches are proposed to adjust the natural frequencies of the system in such a way that an optimal and a reasonable solution for solving the vibration problem is obtained.
Introduction
A filter system plays an important role in petrochemical plant for removing solid particles and impurities from hydrocarbon oils. In the system, the pipes of various geometrical properties are connected to pumps and filters to transport oil and oil products for treatment [1, 2] . The temperature of the oil and the oil products in the system can be as high as 200 ∘ C. As the flow and collision of oils in the pipes cause severe vibrations, this led to fatigue and fracture of structural pipe members and connections after being subject to a number of load cycles [3] . As a result, there is a need to examine carefully the most appropriate approach to reducing the unexpected vibrations to prevent the oil leakages and structural member failure in the system.
One of the earliest studies of vibration problems in pipes was conducted by Ashley and Haviland [4] . They used a beam model to establish differential equations for analyzing the pipe motion. On the other hand, Niordson [5] built a shell model to derive differential equations for solving pipe vibration, where the results were found to be comparable to that of Ashley and Haviland [4] . A more complicated study of pipe vibration due to the effect of fluid-structure interaction was carried out based on travelling-wave method by Païdoussis and Denise [6] . Lavooij and Tusseling [7] however derived differential equations using the method of characteristics for solving pipe vibration. For the past 2 decades, the research of pipe vibration has been directed towards the nonlinear analysis, Gorman et al. [8] studied the nonlinear vibration of pipeline system based on a series of simple models comprising pipes of various geometrical properties.
In a petrochemical plant, the filter system is used to filter solid particles and impurities from hydrocarbon oils. The solid particles will clog the sieves after some period of time of operation and thus will affect the flow of oils in pipes. However, it is impossible to replace the sieves or to remove the filter for cleaning while the filter system is in operation. Therefore, a backwashing process is used to clean the sieves of the filters. With full particles clogging the sieves and reduced speed of oil flows, a pressure difference between inlet and outlet of the filter system will be generated. The backwashing process will then be activated due to the difference of these working pressures. The backwashing process uses the product oil as a backwashing liquid to flush the filter nets at high pressure so that the solid particles on the sieves could be removed. Once the backwashing liquid hits the filter nets and pipes after it passes through the filters, it causes the filter and the piping system to vibrate. In general, the magnitude of vibration is insignificant and cannot be observed. However, with the increasing production of oil products to meet the demand, the petrochemical company redesigned the system with one additional filter system (Group F) installed next to the existing filters (Groups A to E) as shown in Figure 1 . Despite the magnitude of vibration being considered small during the process of backwashing, the oil leakages on pipes and connections however appear after a few years of operation.
An internal stress analysis of the pipes was thereafter performed to rectify the unexpected vibration problem that resulted in fatigue cracking on pipes. The internal stress analysis is a conventional approach commonly adopted for analyzing pipe abnormality under various load conditions based on structural mechanics [9, 10] . In recent years, Wu et al. [11] carried out a stress analysis model of tunnel pipes under various load combinations. Huang et al. [12] conducted a stress analysis model of elastic laying pipelines in mountainous areas. There is a need to note that the exciting forces of these cases could not easily be determined and measured. On the other hand, the internal forces of the pipelines were typically small that would not result in structural ultimate failure. Most of the structural failures of these pipelines occurring within the elastic limit of materials were actually due to fatigue under load cycles which applied for a period of time. Thus, the stress analysis in this case was not suitable to assess the failure behavior of the filter system. The objective of the current study is to determine a suitable solution with the adjustment of period of vibration to reduce the amplitude of vibration of the system.
In the current study, the filter and the piping system were connected and modelled as a complete system. A modal analysis is conducted to determine the natural frequencies of the system. The exciting forces of the vibration include the pulses of the oil in the pipes and the interaction effect among the oil, the pipes, and the filter system. The response vibration of the complete system due to backwash was measured and presented in a form of time spectrum. The time spectrum was then transformed into the frequency domain by means of fast Fourier transformation (FFT). The FFT spectrum allowed the response frequencies that contributed to vibration to be determined. The peaks of the spectrums presented the frequencies to the natural frequencies of the complete system, where the unexpected vibration is due to the effect of resonance. With the comparison of the FFT spectrums of response vibration to the natural frequencies of the complete system, the region of resonance could be identified [13] . The natural frequencies that cause the resonance and the locations of resonance vibrations could therefore be obtained. As a result, the filter and the piping system could be designed with a specific natural frequency to reduce resonance vibration. Apart from the design of the system to the required natural frequency, the construction time to integrate the new and the existing filter and piping system based on the actual site conditions could also be optimized. In this paper, a method for solving the vibration problem of the complete system with a certain amount of exciting force is summarized and presented.
Modal Analysis

Modelling of Filter and the Piping
System. The filter and the piping system are modelled using commercial software SolidWorks and ANSYS, as shown in Figure 2 , with the modal analysis conducted based on ANSYS.
There are 6 groups of filter and piping system. Each group comprises 8 filter elements. The detail of each filter system is shown in Figure 3 . The oil flows through the filter from the bottom of the system from Pipe 1 (inlet) to Pipe 2 (outlet). After the sieves are clogged with solid particles, the backwash operation was activated at a pressure difference between the top and bottom of the filters at 10 N/cm 2 The backwashing oil enters the system from Pipe 3 to Pipe 4. Pipes 5 and 6 are gas pipes for gas backwashing after the filter nets could not be cleaned using the backwash liquid. These two pipes were usually empty. The 5 pipes were fixed onto a large bracket, which was connected to other brackets on the floor. In the modelling, the brackets were considered fixed on the ground.
The filters were made of stainless steel. Each single filter comprised 28 filter elements with diameter 25 mm and length 814 mm. The filter elements were threaded into a common flange. The pipes are made of mild steels with geometrical properties as shown in Table 1 . Apart from the filters and the pipes, the brackets representing the locations of the constraints would have a significant effect on the natural frequencies of the complete system. These brackets are made of mild steels with cross-sectional properties presented in Figure 4 . The complete filter and piping system and their support brackets can be seen in Figure 5 .
Modal Analysis.
The modal analysis was carried out to determine the natural frequencies of the complete system. In the analysis, there were nodes in the entire system. Each node contained six (6) degrees of freedom with 3 translations and 3 rotations in -, -, and -axis direction [14] [15] [16] . A total of 6 degrees of freedom were considered in this case. For the complete filter and piping system, it would have 6 natural frequencies. The equations of motion can be expressed as follows [14] [15] [16] [17] : 
where To obtain the natural frequencies of the system in the modal analysis, the exciting force vector was set to 0. The matrix representation of transformation after the combination of (1) can be rewritten as follows [1, [14] [15] [16] :
where [ total], [ total], and [ total] are 6 × 6 matrices.
On the basis of equations of motion, the natural frequencies of the system could be obtained from the FEA of the model using the commercial software ANSYS. The natural frequencies of the system below 15 Hz are listed in Table 2 . The modal orders are arranged in accordance with the natural frequencies of the system. For the free vibration at one of these natural frequencies, a definite relationship between the amplitudes of all the nodes exists. These relationships were known as the mode shapes. If the frequency of exciting force was close to or at one of these natural frequencies, the effect of resonance was considered, and the amplitudes of the nodes were maximum [18] . However, with the consideration of damping in real system structure, the resonance frequencies do not quite match the natural frequencies, and the difference between the two frequencies was actually quite small [14] [15] [16] . On the other hand, the amplitudes of the nodes would not increase to infinite. The relationship of the amplitudes of the nodes was close to the mode shape at that natural frequency, 
Vibration Measurement Results
After the system was redesigned with one additional filter and the piping system (new system), the unexpected vibrations occurred at Group F during the backwashing process. The main exciting force of the vibrations was the pulses of the oil and the interaction effect of the oil and the pipes. The locations of vibration measurement of the system of Group F are illustrated in Figure 11 . The computed time spectrums were transformed into the frequency domain by FFT. The FFT spectrums showed the most power response frequency. The FFT spectrums of Locations 1 to 3 are shown in Figures 12-14 . The peaks in the spectrums indicated the most power location at that frequency.
From the displacement spectrums, it can be seen that the peaks were located at the frequencies between 5 Hz and 10 Hz. The comparison with the results of the modal analysis indicated that several natural frequencies were found smaller than 10 Hz. It can be deduced from the observation that the system was in the region of resonance. On the other hand, it can be seen from Figure 15 that the first 5 modes of vibration are well matched, while their respective natural frequencies are between 5 Hz and 10 Hz at 5.4101, 5.503, 5.6867, 7.7515, and 9.5334, respectively. The data also suggested that the resonance of the system was the main cause of the unexpected vibration. However in order to maintain the efficiency of backwashing process, the exciting force would not be subject to change. Hence, the solution for solving the vibration problem in this case was to propose a suitable method based on the natural frequency of the system.
Solutions
From the modal analysis and the vibration measurement, the natural frequencies of the system should be increased above 10 Hz to avoid the effect of resonance. From the observation of the system performance on site, it can be seen that the vibration actually occurred on free span long pipes without any supports. These pipes were located in the critical vibration of the system. Thus, adding adequate constraints to stiffen these pipes was the first approach to solving the vibration problem. 
Solution 1.
The first approach is to add adequate constraints by connecting the pipes together. This was carried out by connecting the long pipes (Location 4) using 50 mm diameter pipes. After the pipes are connected, the natural frequencies of the system slightly increase, as shown in Table 3 .
However, the vibration of the modal orders with natural frequencies below 10 Hz no longer occurred at Location 4. As shown in Figures 16 and 17 , the first 2 modes of vibration showed that the vibration locations of the long pipes in the first few modal orders had been shifted. The second approach is to connect the long pipes above the passage with 2 additional supports at both sides, as shown in Figure 18 . With this arrangement, the natural frequencies of the system are found to increase as shown in Table 4 . The vibration locations of the first several modal orders were located along the long pipes in Location 5.
The 3rd approach is to add additional constraints at Location 1 by connecting the long pipes with 50 mm diameter pipes, as shown in Figure 19 . With the additional constraints, all the natural frequencies of the system are found higher than 10 Hz, which is outside the range of resonance (Table 5 ).
Solution 2.
The process of Solution 2 was identical to that of Solution 1. The locations of additional constraints are similar to those in Solution 1, as shown in Figure 20 . The difference between the 2 solutions was that the constraints of the long pipes in Solution 2 were supported on the floor and other parts of the entire structure system. The natural frequencies of Solution 2 are higher than 10 Hz (Table 6 ). The purpose of proposing Solution 2 is to provide an alternative taking into the consideration of construction process of the existing additional filter and piping system.
Solution 3.
For Solution 3, the pipes were connected using spring bumpers to control the increasing stress of the structure system with reduced vibration. The bumpers also absorbed part of the vibration energy. However, the spring bumpers did not increase the natural frequencies of the system effectively. The natural frequencies of the new structure with additional filter and piping system are Table 5 : Natural frequencies of the system (3rd approach).
Modal order Natural frequency (1)
10.558 (2)
11.323 (3)
13.261 (4) 19.462 (5) 19.984 (6) 20.137 (7) 20.491 (8) 20.534 (9) 20.678 (10) 20.928 18.367 (6) 18.444 (7) 18.541 (8) 18.636 (9) 19.723 (10) 20.321 Table 7 : Natural frequencies of the new structure.
Modal order Natural frequency
10.512 (5) 10.534 (6) 11.01 (7) 11.048 (8) 11.428 (9) 11.488 (10)
12.241 listed in Table 7 . As each spring bumper is only effective in one direction, more constraints would be needed in this solution, which led to a longer construction time and a more complicated construction process.
Optimal Solution.
The natural frequencies of Solutions 1, 2, and 3 are summarized in Table 8 . Unlike Solution 3, both Solutions 1 and 2 increase the natural frequencies to a level higher than 10 Hz. Solution 3 could not achieve the same effect even with additional constraints. It can therefore be concluded that a fixed constraint would perform better in changing the natural frequencies than an elastic restraint. Further, an elastic restraint such as a spring bumper was only effective in one direction, which requires a more complex construction and a longer construction time. Based on the simulation results, Solution 1 or 2 should be chosen as the optimal solution. The choice of a suitable solution would depend on the kind of constraints and the requirement on site.
Structural Modification.
The structural modification combined Solutions 1 and 2 based on site condition. The long pipes in Location 4 in Solution 1 were connected with each other. The pipes above were supported and fixed onto a large bracket. As the pipes in Location 5 were very close to the foundation of the system, they were fixed to the short brackets on the floor (Figure 21) . A vibration measurement of Location 2 was carried out to inspect the effect of the modification of the system. The FFT spectrums are plotted as shown in Figure 22 . The peaks of the spectrums did not exist and the displacement of vibrations was reduced. Thus by changing the natural frequencies, the system could be made outside the region of resonance.
Conclusion
The current study provides three (3) solutions to reduce the unexpected vibration of a backwashing system of a petrochemical plant. The comparison of the results between the site measurement and the modal analysis suggested that the cause of vibration of the system can be speculated as being resonance.
All the 3 proposed solutions will result in the increment of natural frequencies of the system. However, from the simulation, it can be seen that the fixed constraint is more effective than the elastic restraint in changing the natural frequencies to reduce the vibration of the structure system. The proposed Solution 3, with spring bumpers to constrain the pipes, has a longer construction time and is less effective in increasing the natural frequencies. With the consideration of analysis results and the site conditions, Solutions 1 and 2 are the optimal solutions for solving the resonance problem of backwashing system. The combined Solutions 1 and 2 provide the best solution based on the site situation.
